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Abstract
Atmospheric aerosol particles have significant climatic effects. Secondary new particle forma-
tion is a globally important source of these particles. Currently, the mechanisms of particle
formation and the vapours participating in this process are, however, not truly understood.
The recently developed Neutral cluster and Air Ion Spectrometer (NAIS) was widely used
in field studies of atmospheric particle formation. The NAIS was calibrated and found to
be in adequate agreement with the reference instruments. It was concluded that NAIS can
be reliably used to measure ions and particles near the sizes where the atmospheric particle
formation begins.
The main focus of this thesis was to study new particle formation and participation of ions
in this process. To attain this objective, particle and ion formation and growth rates were
studied in various environments – at several field sites in Europe, in previously rarely studied
sites in Antarctica and Siberia and also in an indoor environment. New particle formation
was observed at all sites were studied and the observations were used as indicatives of the
particle formation mechanisms. Particle size-dependent growth rates and nucleation mode
hygroscopic growth factors were examined to obtain information on the particle growth.
It was found that the atmospheric ions participate in the initial steps of new particle forma-
tion, although their contribution was minor in the boundary layer. The highest atmospheric
particle formation rates were observed at the most polluted sites where the role of ions was
the least pronounced. Furthermore, the increase of particle growth rate with size suggested
that enhancement of the growth by ions was negligible. Participation of organic vapours in
the particle growth was supported by laboratory and field observations. It was addressed
that secondary new particle formation can also be a significant source of indoor air parti-
cles. These results, extending over a wide variety of environments, give support to previous
observations and increase understanding on new particle formation on a global scale.
Keywords: Atmospheric aerosols, aerosol measurements, air ions, air ion spectrometers, par-
ticle formation and growth, hygroscopicity
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1 Introduction
The air surrounding us is an aerosol: a mixture of gas, and solid and liquid particles
floating in the gas. A part of these particles are of natural origins, while some are born
as a result of anthropogenic activities. Determined by their formation mechanisms,
the particles are divided into primary and secondary. Primary particles are introduced
into the atmosphere directly in the solid phase. They include dust, pollen, sea spray
and traffic emitted soot particles. Secondary particles are formed in-situ via phase
transition of atmospheric vapours. Thus, the newly formed secondary particles are
tiny – only around 1 nm in diameter. The particle size and chemical composition are
affected by a number of dynamic and chemical processes. Therefore, the lifetime of
the particles is relatively short in the troposphere – roughly from some hours to few
weeks – after which the particles are removed by scavenging processes, deposition or
evaporation. Meanwhile, the particles are horizontally transported over large distances
and mixed within the atmospheric vertical layers.
Aerosol particles affect the global climate through their interaction with radiation.
They scatter and absorb shortwave radiation (direct effect) and influence cloud prop-
erties by acting as cloud droplet seeds (indirect effect, Twomey, 1977; Albrecht, 1989).
Global models require detailed knowledge of the climate sensitivity for different forc-
ings. The anthropogenic aerosol forcing is hard to estimate due to the inhomogeneous
distribution of atmospheric particles, the complexity of the aerosol-climate interaction
processes, and difficulties in partitioning between natural and anthropogenic aerosols.
Therefore, it comes as no surprise that the Intergovermental Panel for Climate Change
(IPCC) has appointed aerosols as the single most uncertain component in total an-
thropogenic forcing estimates (IPCC, 2007). The IPCC estimates of the global anthro-
pogenic aerosol direct and indirect (cloud albedo effect only, Twomey, 1977) forcings
are -0.5 ± 0.4 W m−2 and -0.7 [-0.3 to -1.8] W m−2, respectively. The aerosol climate
effects are significant in magnitude and compare to those of well-mixed greenhouse
gases. A negative forcing indicates that anthropogenic aerosols cool the earth’s sur-
face. Modelling the aerosol-climate interaction processes relies on assumed atmospheric
distribution of aerosol particle number, size and composition, which are far from being
completely understood. This attests to the importance of understanding the sources
of aerosols and motivates the study of new particle formation.
The expression “new particle formation” refers to a process initiated by the formation
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of new tiny particles from vapours, followed by their subsequent growth. It can be
perceived as a two-step process where the first step is the formation of metastable
molecular clusters, known as nucleation; and the second step is the condensational
growth of these clusters (Kulmala et al., 2000; Kulmala, 2003). Which of these two
is the limiting step is obscure. New particle formation events are detected around the
world (Kulmala et al., 2004b). The frequency of these events suggests that the nucle-
ating and condensing vapours are abundant in the atmosphere, while the observations
point to the key component being sulphuric acid (Kulmala et al., 2006; Sipila¨ et al.,
2010). Examples of nucleation events observed in Hyytia¨la¨, Finland, and in Antarctica,
are presented in Figures 1 and 2. Despite the differences between these two locations,
the characteristics of the two events – formation and growth rates, and the famous
“banana” shaped growth pattern – appear to be similar. It is tempting to ask: Is it
possible to explain a majority of the globally observed events with a single universal
mechanism?
Ions and particles are interconnected, while a fraction of atmospheric particles is
charged by fast cluster-sized air ions. The source of these ions is high energy ion-
ising radiation whose principal sources are cosmic rays, radon and terrestrial gamma
radiation (Chalmers, 1967). Formation of the initial ion pairs is followed by a subse-
quent formation of more stable cluster ions, which have an average lifetime of around
100 s (Ho˜rrak, 2001). These ions can affect clouds, forming a possible link between
clouds and cosmic radiation (e.g. Carslaw et al., 2002; Dickinson, 1975; Harrison, 2000).
One of the mechanisms proposed to connect ions and clouds is the role of ions in new
particle formation. Global importance of this ion-induced particle formation pathway
is, however, highly controversial (Arnold, 2008; Enghoff and Svensmark, 2008; Kazil
et al., 2008, 2010; Kulmala et al., 2010; Yu and Turco, 2008).
As implied above, secondary new particle formation is an important source of atmo-
spheric particles (Spracklen et al., 2006, 2009). A fraction of nucleated particles grow
to cloud condensation nuclei (CCN) sizes where they can affect properties of clouds
(Lihavainen et al., 2003). Resolving this link requires understanding of the particle
growth process. Recent estimates of the impact of the atmospheric secondary particle
formation on CCN numbers and eventually, on cloud droplet number concentrations
(CDNC), vary largely (Hamed et al., 2010; Merikanto et al., 2009, 2010; Pierce and
Adams, 2009; Wang and Penner, 2009). These variations are explained by the un-
certainties in particle formation and growth rates among other factors such as the
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uncertainties related to the primary emissions of the particles and condensing vapours.
Which nucleation mechanism is used in a model can also make a difference, as illus-
trated by Makkonen et al. (2009).
A focal factor behind the uncertainties regarding atmospheric nucleation rates and
mechanisms is the minuscule size of the newly formed particles. Only very recent
technical advances have enabled measurements at sub-3 nm sizes and thereby, brought
us closer to direct observations of atmospheric nucleation (Kulmala et al., 2007b). An
example of an instrument developed for this purpose is the Neutral cluster and Air Ion
Spectrometer (NAIS) (Paper II). The fast and simultaneous measurement of both
neutral and charged clusters by NAIS additionally allows studies on the role of ions in
the nucleation and growth processes.
The main focus of this thesis is to increase the understanding of secondary new parti-
cle formation and the importance of ions in this process. To attain this goal, aerosol
particles and ions have been studied in different environments (Fig. 3) primarily with
observations, and various experimental and analytical methods have been utilised in-
cluding;
• evaluating the performance of Neutral Cluster and Air Ion Spectrometers (NAIS)
(Paper II) and their exploitation in ion and particle formation studies in the
field (Papers III–V),
• analysing new particle formation event characteristics, such as the particle and
ion formation and growth rates (Papers I, III–V),
• linking the observations to particle formation mechanisms (Papers I, IV–V),
• studying the size-dependency of the particle growth and discussing the implica-
tions on the vapours contributing to the growth (Papers I, III–V).
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Figure 1: A new particle formation event measured with NAIS in Hyytia¨la¨ on May 5, 2007.
The particle number concentrations, shown in colour scale, are presented as a function of the
local time and particle diameter. Total, negatively charged, and positively charged particles
are presented in separate panels.
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Figure 2: A new particle formation event measured with DMPS (upper panel) and AIS
(middle and lower panels) in Antarctica on January 21, 2007 (Paper IV). The particle
number concentrations, shown in colour scale, are presented as a function of the local time and
particle diameter. Total, negatively charged, and positively charged particles are presented
in separate panels.
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Figure 3: Measurements were conducted in various environments including; clean and cold
Antarctica (upper left panel), Finnish boreal forest (upper right panel), Arctic Finnish La-
pland (middle left panel), Russian Siberia (middle right panel), more polluted Po Valley in
Southern Europe (lower left panel), and coastal Mace Head in Ireland (lower right panel).
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2 Experimental methods and analytical tools
Collecting a representative sample of the atmospheric aerosol is challenging. We pre-
ferred to use in-situ techniques in all Papers I–V to capture the natural properties
of aerosol particles. Pronounced particle diffusion brings an additional complication
and source of uncertainty to measurements below 10 nm in diameter. Therefore, solu-
tions specifically aimed at minimising diffusional losses in measurement lines and inside
the instruments were used. Laboratory calibrations were necessary for correcting the
remaining losses.
The size of hygroscopic particles depends on the relative humidity (RH) of the ambient
air. The effect of variable ambient humidity on the particle size was minimised by
keeping the sample RH at < 30%. Knowledge of the particles hygroscopic properties
provides the means to track down their ambient size, when required. Unlike in larger
particles, the size dependency of cluster-sized ions and particles on the humidity of the
air is unpredictable (Ho˜rrak, 2001; Harrison and Aplin, 2007). It is also impossible
to dry these small charged particles without significant concentration losses (e.g. Dick
et al., 1995). For these reasons, the air ion spectrometer sample was not dried and the
measurement RH thus depends on the ambient humidity as well as the temperature
difference between the ambient and instrument air.
2.1 Classifying and counting particles using electrical tech-
niques
The motion of charged particles in an electric field determines their mobility equivalent
size. Differential Mobility Analysers (DMA) are commonly used in aerosol measure-
ment applications for particle size selection. Development of the techniques for mea-
suring the mobility of the ions, and later, to generate almost monodisperse particle size
distributions have been presented by Flagan (1998); Intra and Tippayawong, (2008),
so here we solely briefly discuss the electrical classifier types and charging mechanisms
used in this study.
The DMA with coaxial cylindrically symmetric electrodes, used to produce a continuous
flow of nearly monomobile particles, was originally developed at the University of
Minnesota (Knutson and Whitby, 1975). Later, Winklmayr et al. (1991) optimised
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the DMA inlet and outlet to minimise the particle diffusion losses. This University of
Vienna DMA was commercialized by Hauke, and is still one of the most widely used
DMA types. Inversion by Knutson and Whitby (1975) was later modified with an
additional correction for transfer function diffusional broadening (Stolzenburg, 1988).
Reduced sizing accuracy due to ion diffusion, however, limits the applicability of this
DMA type in very small particle detection. The Vienna type DMA was used in Paper
II for calibrations at diameters above 4 nm and in Papers III–IV for particle size
selection in atmospheric measurements, beginning at 3 nm in size.
The Vienna-type DMA was further modified to maintain laminar flow at high Reynolds
numbers. With an optimal geometry design the DMA accuracy was significantly im-
proved at the highest mobilities (e.g. De Juan and Ferna´ndez de la Mora, 1998; Her-
rmann et al., 2000), however, at the expense of the overall measurable mobility range
(Rosser and Ferna´ndez de la Mora, 2005). The applicability of this DMA type for
atmospheric measurements is limited due to the required high flow rate and large lam-
inarising trumpet for the sheath flow, making it inconvenient for field use. The high
resolution DMA was used in calibrations in Paper II for sizes below 10 nm.
The aforementioned DMA types operate with a constant voltage with each measure-
ment channel corresponding to one fixed mobility. The temporal resolution of the
DMA mobility distribution measurement can be improved with a multi-channel tech-
nique (Tammet et al., 2002). With a design presented by Mirme et al. (2007), using
multi-channel DMA, an ion mobility distribution beginning with mobilities of 3.2 cm2
V−1 s−1 can be obtained with advanced time resolution. The charged particles are
further counted using electrometers. In Papers III–V Air Ion Spectrometers (AIS)
and Neutral cluster and Air Ion Spectrometers (NAIS), which are both based on the
multi-channel technique, were widely used to study charged atmospheric clusters and
particles, forming at around 2 nm size. For the first time, the ion spectrometers were
calibrated with high-resolution DMAs, and these results are presented in Paper II.
Details on these techniques, among the others that were utilised, are presented in
following sections.
Techniques which classify and count the particles according to their charge neglect the
neutral majority of the atmospheric particles. Even then, the total number concentra-
tion can be calculated when the charge distribution among the aerosol is predetermined.
In many applications this is achieved with artificial unipolar or bibolar diffusion charg-
ing. Bibolar charger ions can be formed in radioactive decay process (Liu and Pui,
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1974) resulting in well known quasi steady state charge distribution among the parti-
cles. The charged fraction is easily calculated from semi-empirical formulations, as the
one suggested by Wiedensohler (1989). Unipolar charger ions of positive or negative
polarity can be formed by a high voltage corona discharge, where the charged fraction
is mainly determined by the charging time and the number of charger ions (White,
1951). A detailed kinetic formulation of the diffusion charging is presented by Fuchs
(1963). The advantage of the unipolar, over bipolar, diffusion charging is the higher
charging efficiency, which can be a critical factor at the smaller, 1–10 nm, particle
sizes where the charged fraction remains small (only around 0.5–5%). However, the
resulting aerosol charge distribution essentially depends on the charging conditions,
on the flow rate, and also, in the case of highly pre-charged particles, on the initial
charge distribution (Biskos et al., 2005). Therefore, bipolar chargers are often preferred
because of their stability and reliability. Particle pre-charging further complicates the
measurements at the smallest sizes where the charger ions are easily mixed with the
measured charged particles. This actually determines the lowest size limit for neutral
particle measurements using electrical techniques. The size distribution of the unipolar
charger ions from the corona charger of the NAIS was measured in Paper II (Fig. 4).
The corresponding lowest detection limit, taking into account the width of the NAIS
channel specific transfer functions, was approximately 1.5–2 nm in mobility equivalent
diameter.
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Figure 4: Mobility diameters of positive (red dots) and negative (blue dots) NAIS corona
charger ions (Paper II).
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2.2 Ion spectrometers
Measurements of atmospheric electricity started in the 19th century and continued later
with the development of instrumentation which allowed more detailed determination
of air ion mobility distributions, as well as the chemical nature of these ions. The
history and development of electrical aerosol instruments is presented by Flagan (1998)
and a fundamental review of atmospheric ion measurements by Israe¨l (1970). In this
work, three recently developed aspiration type of ion spectrometers were used: 1)
multi-channel Air Ion Spectrometer (AIS), 2) multi-channel Neutral cluster and Air
Ion Spectrometer (NAIS), and 3) single-channel voltage scanning Balanced Scanning
Mobility Analyzer (BSMA), and they are shortly discussed below. Details of the theory
and methods used in aspiration type of ion mobility analysers are described by Tammet
(1970).
The Air Ion Spectrometer (AIS) is designed and built by AIREL Ltd., a spin-off com-
pany of the University of Tartu. It measures mobility distribution of ions in a mobility
range from 3.2 to 0.0013 cm2 V−1 s−1 (Mirme et al., 2007). High sample flow rate
of 60 lpm is used to minimise the diffusional losses. Positive and negative ions are
classified simultaneously in two parallel DMAs and counted with 21 successive elec-
trometers placed on the DMA outer cylinder. The background noise is measured after
each ion spectrum using a charger-filter section in the inlet. The measured currents
are inverted to a size distribution consisting of 28 bins using the instrument matrix,
taking into account the measured noise and experimentally determined diffusion losses
(Mirme et al., 2007).
The Neutral cluster and Air Ion Spectrometer (NAIS) is an improved version of the
AIS. NAIS measures ions in a similar manner to the AIS, but, additionally, is capable
of measuring the size distribution of neutral particles and clusters when used in particle
mode. In particle mode, the sample aerosol is charged using unipolar corona chargers
and the charged fraction is calculated according to Fuchs (1963). The charger ions are
removed prior to the classification section using electrical post-filters. A schematic of
the operation of the NAIS is presented in Figure 5.
The temporal resolution of the AIS and NAIS can be adjusted by the user to conform to
the measurement conditions. The mobility distributions of both positive and negative
ions are typically measured within one to five minutes. The high temporal resolution
enables the capture of the rapid changes in ion and particle spectra and the ability to
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Figure 5: Schematic of Neutral cluster and Air Ion Spectrometer (NAIS) (courtesy of Ms.
Hanna Manninen, Manninen et al. (2009b)).
obtain representative average spectra of the highly fluctuating aerosol (Mirme et al.,
2007). An important disadvantage, however, is that measurement errors are channel
specific while differences in electrometer responses are reflected in the final spectra.
This source of error is minimised by utilising the background noise measurements in
the inversion.
A Balanced Scanning Mobility Analyzer (BSMA) uses only one channel to measure
the mobility distribution of ions from 3.2 to 0.032 cm2 V−1 s−1 (Tammet, 2006). The
voltage is scanned by discharging the capacitor and the induced current is compensated
with a balanced bridge circuit. The ion current in the collecting electrode is measured
with an electrometer. Positive and negative polarities are measured in turn leading to
an overall time resolution of around ten to fifteen minutes. The BSMA was used in
Paper II as a reference for the AIS and NAIS and for atmospheric measurements in
17
Paper V at two sites.
Two methods were used to convert the mobility of the measured ions to a character-
istic ion diameter. In Paper III an ion-mass based diameter, denoted as a Tammet
diameter, calculated according to the Tammet algorithm (Tammet, 1995, 1998) was
used. While the physical meaning of the Tammet diameter is well justified for small
ions, the method is not commonly applied in other aerosol instruments. This incon-
sistency makes the comparisons between different instruments awkward. Therefore, in
Paper II and in Papers IV–V ion diameters were calculated with the widely used
Millikan-Stokes equation (Millikan, 1923), modified with later defined expressions for
the Cunningham slip correction factor, given in Hinds (1999). The mobility range mea-
sured by the AIS and NAIS at normal temperature and pressure (293 K and 101325 Pa)
corresponds to size ranges of 0.4–40 nm (Tammet diameter) and 0.8–40 nm (Millikan
diameter), while the BSMA measures at ranges of 0.4–7.4 nm (Tammet diameter) and
0.8–7.6 nm (Millikan diameter).
2.3 Condensation Particle Counter (CPC)
A benefit of condensation techniques in nano-particle detection, when compared to elec-
trical methods, is that both charged and neutral particles are detected. Condensation
based techniques have been used for particle counting since the late nineteenth century
(McMurry, 2000). The principle idea of the condensation particle counter (CPC) is to
grow the measured particles by condensation of supersaturated vapour to sizes where
they can be optically detected. Several methods are used to obtain supersaturated
conditions inside the instrument: adiabatic expansion of the saturated sample (Aitken,
1888), turbulent mixing of hot saturated vapour with a colder sample (Kousaka et al.,
1982), diffusion of water vapour by heating the saturated sample (Hering et al., 2005)
and conductive cooling of a saturated fluid mixed with the sample (Bricard et al.,
1976). Different working fluids, such as water, alcohols or oily substances, are used to
grow the particles rapidly inside the CPC.
Commercial TSI CPCs of conductive cooling type were used in the measurements
presented in Papers I–IV. The advantage of this CPC type is the continuous laminar-
flow operating in conjunction with the mobility analysers for size selective particle
counting. The smallest activated particle size in the CPC depends on the selection of
the working fluid (Iida et al., 2009), on the saturator and condenser temperatures used
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and on the properties of the particle, such as the chemical composition. Butanol is
a commonly preferred working fluid due its high vapour pressure and low diffusivity.
The lowest particle detection limit (cut-off size) of the commercial laminar-flow CPC
is around 3 nm, which is attained for example in a TSI CPC model 3025 Stolzenburg
and McMurry (1991).
During the past decade, significant progress have been achieved in lowering the detec-
tion limit of the CPC. Recent development of the mixing type (Sgro and Ferna´ndez
de la Mora, 2004) and expansion type (Ku¨rten et al., 2005) CPC and the use of the
pulse-height technique (e.g. Marti et al., 1996) have enabled measurements of sub-3 nm
particles (e.g. Sipila¨ et al., 2008). Furthermore, Kulmala et al. (2007a) operated sev-
eral CPCs of different cut-off sizes and working fluids in parallel and thereby obtained
information on the sub-3 nm particle number and chemical nature.
2.4 Particle number size distribution and hygroscopicity mea-
surements
A Differential Mobility Particle Sizer (DMPS) was used in Papers III–IV to measure
atmospheric aerosol particle number size distributions above 3 nm in size (dry diam-
eter). The wide size range of atmospheric particles was covered by using two similar
DMPS systems operated in parallel. This twin-DMPS consisted of two Vienna type
DMAs operated in closed loops (Jokinen and Ma¨kela¨, 1997). The smallest particles
were classified and counted with a short DMA (length 10.9 cm) and a TSI CPC model
3025, while a medium DMA (length 28 cm) and a TSI CPC model 3010 were used
to measure the larger (> 10 nm) particles (Fig. 6). The aerosol sample was first
fed through a radioactive bipolar charger to ensure a steady-state charge distribution.
Counting times per channel, flows and other operational parameters were optimised for
the measurement conditions and sample lines were built of stainless steel and copper
pipes to avoid any charged particle losses. The raw data was inverted according to
Stolzenburg (1988) with calibrated size-dependent CPC detection efficiency and losses
inside the DMA as well as calculated diffusion losses in the sample lines included in
the inversion. The calibration methods are described in Aalto (2004). The DMA losses
were estimated following the suggestion by Karlsson and Martinsson (2003) but mod-
ified to the calibrated DMA specific fitting parameters. The DMA effective lengths,
the fitting parameters for the particle diffusional losses, of the medium and the short
19
Vacuum 
pump
Neutralizer
TSI-3025
TSI-3010
Vacuum 
pump
Drier+
buffer
DMA-1
DMA-2
Drier+
buffer
Absolute filter
Absolute filter
Critical 
orifice
Critical 
orifice
Sample in
5LPM
5 LPM
20 LPM
1 LPM
4 LPM
Figure 6: Schematic of the twin-DMPS (modified from Aalto (2004), courtesy of Dr. Pasi
Aalto).
DMA were measured to be 6.5 m and 2.6 m, respectively, being in good agreement
with the 4.6 m determined by Karlsson and Martinsson (2003). For the short DMA an
additional size independent penetration factor of 0.91 was required. Size ranges of the
two DMPSs overlapped between 10–25 nm, which was additionally used to ensure the
data quality. An example of an inverted DMPS spectra was taken from the measure-
ments in Antarctica (Paper IV) during a new particle formation event (Fig. 7) and
shows a reasonable agreement between the two parallel DMPS systems.
Particle hygroscopic properties are of importance for several reasons and can be used
to: 1) determine the ambient particle sizes from measured dry size distributions, 2)
predict the particle CCN behaviour (e.g. Covert et al., 1998) and 3) indirectly obtain
information on small particle chemical composition. In Paper IV, a Hygroscopicity-
Tandem Differential Mobility Analyser (H-TDMA) was used to measure 10–90 nm
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Figure 7: An example of an inverted size distribution measured with twin-DMPS and with
the both DMPSs separately.
particle hygroscopic growth factors at 90% RH. A short Vienna DMA was used to
select the particle dry size, and a medium Vienna DMA to measure the humidified size
distribution. A TSI CPC model 3010 was used as a particle counter. The H-TDMA
system used is described in detail by Ehn et al. (2007) and in Paper IV.
2.5 Calibration of air ion spectrometers
Calibrating ion spectrometers throughout their whole measurement range, extending
down to 0.8 nm in size, is demanding. An up-to-date instrumentation was utilised in
the first international workshop for ion spectrometer calibration and inter-comparisons,
organised in Helsinki during January–February, 2008. Altogether 10 (out of 11) AISs
and NAISs participated in the workshop and the comprehensive results were published
in Paper II. Three different calibration setups (Fig. 8) were used for ensuring both
the reliability of the calibration and for practical reasons; to be able to cover the wide
size range of the ion spectrometers.
The lower size range (diameters < 2 nm) was calibrated using mobility standards (Ude
and Ferna´ndez de la Mora, 2005). Different oligomers of the same molecule were distin-
guished using a fixed voltage in a high-resolution DMA and thereby, truly monomobile
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calibration aerosol was obtained. Concentration after the DMA was measured with
an aerosol electrometer. Mobility and concentration, as simultaneously measured with
the ion spectrometers, were then compared with the references.
Figure 8: Principles of ion spectrometer calibrations and the three setups used.
In the second setup, two particle generation methods were used: 1) silver particles were
produced using a tube furnace at sizes 2–10 nm, and 2) charger ions of sizes < 2 nm
were generated in a radioactive bibolar charger. The size was selected using a high-
resolution DMA whose narrow transfer function enabled nearly monomobile particle
selection. An aerosol electrometer served as a concentration reference for the classified
particles.
The dimensions of the high-resolution DMAs only allowed measurement up to around
10 nm size. Larger particles were size-separated with a short Vienna type DMA in the
third calibration setup. An ultrafine TSI CPC was used as a primary reference. Despite
the wider transfer function of the Vienna DMA, compared to the high-resolution DMA,
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the results were in good agreement at the overlapping size range between 4–10 nm.
NAISs were also calibrated for total particle concentrations in the size range 4–40 nm.
The performance of ion spectrometers was discovered adequate for both mobility, and
ion and neutral particle concentration detection with some exceptions. The problems
emerged particularly at the lower size range, where the spectrometers tended to overes-
timate the concentrations, and at low aerosol concentrations indicating a background
noise. At sufficiently high aerosol concentrations, which are seen for example during
particle formation events, the effect of noise was negligible. The spectrometer perfor-
mance and related problems are discussed in detail in Paper II. Both the calibrations
and the inter-comparisons confirmed that the AISs and NAISs were in good agreement
with each other, assuring that the results from field measurements were comparable.
The calibrations were repeated after a year of field measurements in the second cali-
bration workshop (Gagne´ et al., 2010). This generally confirmed the results of the first
workshop and additionally focused on testing the spectrometer performance during
new particle formation events. The charging state detected with NAIS during an event
was found to agree with that of a reference ion-DMPS (Laakso et al., 2007a). This
result confirmed that NAISs can be reliably used to measure the ion-induced nucleation
fraction.
2.6 Analysis of particle formation and growth
A common presumption is that the observed “banana” shaped particle formation events
are regional, rather than local. This assumption allows the calculation of the particle
population growth rate to be founded on a point measurement location. The particle
growth rate can be calculated by following the geometric mean diameter of the nucle-
ation mode (Dal Maso et al., 2005, used in Papers III–IV) or by following the mea-
sured maximum concentration with size (Lehtinen and Kulmala, 2003; Hirsikko et al.,
2005, used in Paper V). Additional methods exist, such as the method presented by
Iida et al. (2008), which determines the particle growth rate using the measured change
of the charged particle fraction. In Paper I the growth rate was determined based on
different CPC cut-off sizes enabling a time resolution of one second.
Total and charged particle size distributions, when available, were both used to cal-
culate the growth rates in Papers III–IV. Growth rates determined from measured
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ion size distributions are generally found to correspond well to those of total particle
population growth in sizes above 3 nm (e.g. Manninen et al., 2009a). However, the ion
and neutral particle growth rates might differ from each others at below 3 nm size but
this could be best characterised with models (e.g. Leppa¨ et al., 2009).
The calculated particle growth rate can be exploited to estimate the concentration of
the condensable vapours (Kulmala, 1988), provided the vapour properties are known,
and to calculate the formation rate of the particles. In Paper I the 3 nm particle
formation rate was estimated as (Kulmala et al., 2001)
J3 =
dN3−10
dt
+ CoagS5N3−10 +
N3−10
7nm
GR3−10, (1)
where dN3−10/dt is the change in the number concentration of the 3–10 nm particles,
CoagS5 is the coagulation sink for 5 nm particles, N3−10 is the particle concentration in
the 3–10 nm range and GR3−10 is their growth rate (assumed constant). The nucleation
rate (1 nm particle formation rate) was further estimated by following the paper by
Kerminen and Kulmala (2002). In Papers IV–V total particle formation rates at 4
nm and at 2 nm, respectively, were estimated by adapting the principle presented in
Eq. 1 to the lowest measured size ranges available. The ion formation rates at 2 nm
were estimated as (Kulmala et al., 2007b)
J±
2
=
dN±
2−3
dt
+ CoagS2N
±
2−3 +
N±
2−3
1nm
GR2−3 + αN
±
2−3N
∓
<3 − βN2−3N
±
<2 (2)
in Papers IV and V. Two additional terms have been introduced to take into ac-
count the ion losses due to recombination, and the source of 2–3 nm ions, arising from
ion-aerosol attachment. The ion-ion recombination coefficient, α, and the ion-neutral
particle attachment coefficient, β, were assumed to be equal to 1.6e−6 cm3 s−1 and
0.01e−6 cm3 s−1, respectively (see e.g. Tammet and Kulmala, 2005).
3 Observations on particle formation and ions
Observations are the key for understanding atmospheric new particle formation and
have shown that particles are frequently formed across the globe (Kulmala et al.,
2004b). New particle formation events have been measured in different environments
around Europe (Paper V), including coastal (O’Dowd et al., 1998; Whitehead et al.,
2009) and continental (Birmili et al., 2003; Dal Maso et al., 2005; Jaatinen et al.,
24
2009; Yli-Juuti et al., 2009) boundary layers as well as high altitude sites (e.g. Ven-
zac et al., 2007). Global observations extend from pristine Arctic (Komppula et al.,
2003) and Antarctic (Koponen et al., 2003, Paper IV) to heavily polluted sites in
Asia (Mo¨nkko¨nen et al., 2005; Wu et al., 2007). Sporadic observations have also been
reported in the remote marine boundary layer (MBL) under very low background con-
centrations (Covert et al., 1992). However, cold frontal passages and subsidence, mixing
downwards the particles nucleated in the free troposphere (Clarke et al., 1998; Weber
et al., 2001), is thought to explain a majority of the observed MBL nucleation mode
particles (Bates et al., 1998; Covert et al., 1996). In Papers IV–V the events were
visually classified into different types (Dal Maso et al., 2005; Yli-Juuti et al., 2009).
The common “banana” shape events are indicative of the regional particle formation
(e.g. Komppula et al., 2003), whereas a local point source is suggested to explain the
coastal “apple” shaped particle formation (O’Dowd et al., 1998). It should also be kept
in mind that frequently, the formed particles are measured at the sizes around 3–10
nm, limited by the instrument lowest detection limit. The freshly nucleated particles,
which are around 1–2 nm in size (Kulmala et al., 2007b; Sipila¨ et al., 2010), have not
been measured directly until recently (e.g. Kulmala et al., 2007b; Manninen et al.,
2009b; Sipila¨ et al., 2008, Paper V)).
Whilst there have been occasional observations of night-time particle formation (Junni-
nen et al., 2008; Lee et al., 2008), the vast majority of the events occur during daytime,
referring to an important role that photochemistry plays. Solar radiation also mediates
the enhancement of the vertical mixing of the air. The importance of radiation is re-
flected in the seasonal cycle of the event frequency, which, at many sites, peaks during
sunny spring, summer or autumn months, while a distinct minimum is detected during
the winter months (Dal Maso et al., 2005; Jaatinen et al., 2009; Komppula et al., 2007;
Suni et al., 2008). Exceptional seasonal patterns though do exist, such as in South-
Africa where the events are frequently detected throughout the year (Laakso et al.,
2008) and in Hohenpeissenberg, Germany, where the maximum in event frequency is
seen in winter months (Birmili et al., 2003). In addition to the importance of radi-
ation, differences in seasonal patterns can be explained by local meteorology and air
mass history, sources of condensing vapours and background aerosol concentration.
In this research, atmospheric new particle formation events were detected at all sites
studied; at 12 sites in Europe (Paper V), in Antarctica (Paper IV) and in Siberia
(Paper III). Frequent particle formation events in Siberia were also later reported by
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Dal Maso et al. (2008). In Paper V, the measurement sites were classified into four
groups according to the observed seasonal cycle, based on one year of measurements.
At most sites (8 out of 12) the event frequency peaked in spring and/or early summer.
At only one site, a Mediterranean island, was the opposite seasonal pattern with a
summer minimum detected. At three sites, no clear seasonal pattern could be traced.
The measurements in Paper IV were made during Antarctic summer when solar ra-
diation is continually present. In contradiction to previous findings (Koponen et al.,
2003) particle formation events were not obviously connected to marine air masses. A
possible reason could be the low number of events and, consequently, poor statistics.
During a two week autumn campaign in Siberia (Paper III) only two events were
detected, which inhibited further statistical analysis. However, valuable new informa-
tion was obtained on aerosol particle size distributions in different parts of Russia,
which were characterised exhibiting differences with respect to both local sources and
long-range transport. Despite the relatively short measurement period of two-weeks,
the obtained knowledge on Siberian aerosol concentrations and modal characteristics
has been further supported by previous long-term studies in the area (Heintzenberg
et al., 2008). In (Paper I) it was shown that secondary new particle formation can
also produce significant numbers of indoor air particles and indeed, there is a great
demand for more extensive studies in this field of research, as was recently pointed out
by Morawska (2010).
3.1 Characteristics of new particle formation events
The characteristic parameters that describe the dynamics of the new particle formation
process are the particle formation and growth rates. The growth rate is primarily
determined by the properties and concentrations of the condensable vapours (Kulmala,
1988). Atmospheric particle growth rates typically vary over the range 1–20 nm h−1
although growth rates as low as 0.1 nm h−1 have been observed in clean polar areas
(Kulmala et al., 2004b). Growth rates that were observed across Europe (Paper V)
and in Siberia (Paper III) were well within this typical range. The particle growth
characteristics in Siberian boreal forest region (Dal Maso et al., 2008, Paper III)
compare well with those measured in Finnish boreal forest (Dal Maso et al., 2005).
In polluted areas, such as India (Mo¨nkko¨nen et al., 2005) or New Mexico (Iida et al.,
2008), growth rates of several tens of nm per hour are common. Interestingly, at coastal
sites, growth rates of even 200 nm h−1 have been observed (Kulmala et al., 2004b),
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indicating the presence of a strong vapour source. In laboratory experiments (Paper
I) an extreme growth rate of 6300 nm h−1 was detected in the substantial presence of
organic vapours. In Antarctica (Paper IV, Koponen et al. (2003)) growth rates of
around 1–2 nm h−1, similar to those in Finnish boreal forest environment (Dal Maso
et al., 2005), were measured. These relatively high growth rates in a pristine Antarctic
environment were thought to be due to condensation of marine organics and sulphuric
acid, which were also the primary chemical compounds contributing to the < 1 µm
aerosol mass (Paper IV).
A wide variation of boundary layer particle formation rates from site to site is observed,
while the typical 3 nm particle formation rates are between 0.01 and 10 cm−3 s−1
(Kulmala et al., 2004b). Even higher formation rates have been observed in some
polluted (Mo¨nkko¨nen et al., 2005; Wu et al., 2007) and coastal (O’Dowd et al., 1998)
sites. However, the particle formation rates at or above 3 nm can be lower than real
nucleation rates due to coagulation effects, which are most prominent at the polluted
sites. In Paper V we measured the neutral particle formation rates at 2 nm size.
Yearly median formation rate ranged from 1 to 30 cm−3 s−1 at different European
sites. In polluted central European sites, maximum values of around 100 cm−3 s−1
were observed.
Atmospheric observations (e.g. Jaatinen et al., 2009; Komppula et al., 2003; Mo¨nkko¨nen
et al., 2005; Riipinen et al., 2007; Wu et al., 2007, Paper V) have suggested several fac-
tors which restrain particle formation. While the abundancy of nucleating vapours un-
der favorable meteorological conditions may control the nucleation process, thereafter,
the particle formation is a competition between condensational growth and scavenging
processes. The observed site-dependent differences imply that for predicting the atmo-
spheric particle formation, both processes, the first step (nucleation) and the second
step (growth), and their couplings with the local meteorology, are of importance.
3.2 Atmospheric ions
Ions and charged particles can be divided by their mobility into cluster (> 0.5 cm2
V−1 s−1), intermediate, and large (< 0.034 cm2 V−1 s−1) ions (Ho˜rrak, 2001). Cluster
ions are nearly always present in the atmosphere. Atmospheric cluster ion formation
is initiated with the ionisation of air molecules by cosmic rays and terrestrial gamma
radiation and with the products from the radon decay process (Chalmers, 1967; Israe¨l,
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1970). The initially formed pairs of positive and negative ions are rapidly (on the order
of µs) either recombined or separated, forming cluster ions in frequent collisions with
the air molecules. The lifetime of cluster ions is determined by their collision frequency
with pre-existing aerosols and by their recombination, ranging roughly from 50 to 250
s (Dolezalek, 1985). Ion-induced nucleation can act as an additional cluster ion sink.
The balance between sources and sinks determines the cluster ion concentrations, as
shown by e.g. Komppula et al. (2007) who examined simultaneously measured ion
size distributions at three nearby locations characterised by different surroundings in
terms of ion sources and sinks. In Paper III we studied the dependence of cluster ion
concentrations on their sources and sinks over a wide area in Russia using a moving
measurement platform. It was found that while the ion pair production from 222Rn de-
cay showed significant spatial variations between 0.1 and 30 s−1 cm−3, the correlation of
the cluster ions and the radon source was dominant and obscured the scavenging effects
of the pre-existing particles. However, the median negative cluster ion concentration
showed a small decreasing trend with the increasing total particle concentration, in-
dicative of an increased ion sink. In contrast, on a local scale, the temporal variation
of the background aerosol ion sink seems to dominate over variations in the sources of
clusters, as detected in Helsinki and Hyytia¨la¨ in Finland (Hirsikko et al., 2007b).
The composition, and therefore the size, of atmospheric cluster ions depends on both
the available trace gas constituents and the environmental conditions, such as temper-
ature and pressure (Tammet, 1998), and relative humidity (Harrison and Aplin, 2007).
Negative ions preferably cluster with acids, while positive ions are formed of com-
pounds with high proton affinities. In the stratosphere, negative ions mainly contain
sulphates and nitrates whereas positive ions contain ammonia and organics, such as
amines and pyridine, clustered with water (Volland, 1995; Keesee and Castleman, 1985;
Arnold, 2008). The higher mobility of atmospheric negative ions relative to positive
ions, results from their different chemical composition.
Cluster ions deliver their charge in collisions with the larger particles leading to the
formation of intermediate and large ions, also called “aerosol ions”. As a result of these
collisions, a steady-state charge distribution is obtained in the atmosphere within a few
hours and therefore, the atmospheric charged particle size distributions are closely re-
lated to those of the total particle population (e.g. Laakso et al., 2007a). An additional
mechanism that produces intermediate and large ions is the condensational growth of
nucleated charged particles (ion-induced nucleation). Intermediate ions have also been
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seen during rain and snowfall (Hirsikko et al., 2007a,b, Paper III), near waterfalls
(Laakso et al., 2007c) and in high winds with the drifting snow (Virkkula et al., 2007,
Paper IV). One example of intermediate ion formation during high winds in Antarc-
tica is given in Figure 9. The possible mechanisms of rainfall-related intermediate ion
formation have been presented in the literature and are discussed in Hirsikko et al.
(2007a), while the intermediate ion formation during high winds remains mystery.
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Figure 9: Formation of intermediate ions during high winds in Antarctica. In the upper
panel, the colour indicates the concentration and is plotted as the day of year versus the ion
diameter. In the lower panel, wind speed is presented as a function of the day of year.
3.3 Neutral clusters
Kulmala et al. (2000) suggested that, in addition to the abundant charged clusters,
there exists a continuous pool of stable sulphate clusters at 1–3 nm sizes in the at-
mosphere. They proposed that in favourable conditions these neutral clusters would
activate for growth by condensing additional vapours and be seen as a nucleation event.
Experimental and theoretical evidence on the existence of these clusters was shown in
Kulmala et al. (2005) but only very recent measurements have confirmed their abun-
dance at several sites; in the boundary layer in Finnish boreal forest (Kulmala et al.,
2007b; Lehtipalo et al., 2009, 2010; Manninen et al., 2009b; Sipila¨ et al., 2008), in coastal
Mace Head (Lehtipalo et al., 2010) and also in the free troposphere (Mirme et al., 2010).
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It has been suggested that the clusters are composed of sulphates (Vehkama¨ki et al.,
2004), ammonia (Torpo et al., 2007) and organics (Bonn et al., 2008). How stable
and globally abundant these neutral clusters are, and what is their origin and chemi-
cal composition remain as questions to be answered. Solely the recombination of the
charged clusters is unable to explain their measured concentrations.
4 First step in particle formation
The first step in new particle formation is nucleation: a process in which a phase
transition from vapour to solid or liquid particle phase occurs as the supersaturation
exceeds the critical value. The process is limited thermodynamically by the free energy
barrier and kinetically by the collision frequency between the molecules. Recently, a
considerable amount of joint experimental and modelling work has been dedicated to
finding the most relevant mechanisms of nucleation and compounds involved. Yet,
the atmospheric observations on nucleation are not truly explained. One difficulty is
that most instrumental techniques are unable to measure the nucleation process and
extrapolating back from the growth process to the initial formation step is required.
However, the rapid co-development of theories, instruments and models are bringing
us closer to understanding the critical initial step in particle formation.
4.1 Nucleation mechanisms
The most widely studied atmospheric nucleation mechanism is homogeneous binary sul-
phuric acid-water nucleation (Doyle, 1961; Mirabel and Katz, 1974; Vehkama¨ki et al.,
2002; Weber et al., 1999). Classical binary nucleation theory suggests that this mecha-
nism takes place in cold upper tropospheric conditions (Vehkama¨ki et al., 2002; Weber
et al., 1999), while in the boundary layer additional components seem to be required
(Covert et al., 1992; Weber et al., 1997, 1998). Ammonia is a commonly proposed
third nucleation precursor which has been shown to enhance the nucleation rates in
both model calculations (Anttila et al., 2005; Korhonen et al., 1999; Merikanto et al.,
2007) and laboratory experiments (Ball et al., 1999). However, recently it has been
suggested that amines stabilise the sulphuric acid-water clusters more efficiently than
ammonia (Ku¨rten et al., 2008; Murphy et al., 2007). Organics have also been shown to
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nucleate in numerous laboratory experiments (as suggested also in Paper I) but their
importance in atmospheric nucleation has remained unresolved (e.g. Kanakidou et al.,
2005, and references therein). Recent studies have suggested that organics might also
have a role in atmospheric nucleation (Metzger et al., 2010; Paasonen et al., 2009). The
laboratory experiments by Metzger et al. (2010), suggesting that one organic molecule
and one sulphuric acid molecule are involved in the rate-limiting step of nucleation,
concur well with our conclusions from Paper I. In coastal areas iodine oxides are strong
candidates as participants in the nucleation process (O’Dowd et al., 2002; Vuollekoski
et al., 2009).
Recent laboratory experiments have indicated that binary sulphuric acid-water nucle-
ation might, after all, be efficient in typical boundary layer conditions, although for
growth additional compounds seem to be required (Berndt et al., 2005; Sipila¨ et al.,
2010). Berndt et al. (2005) successfully nucleated particles with atmospherically rel-
evant sulphuric acid concentrations from the reaction of SO2 with OH, but not from
the pure liquid sulphuric acid sample. This led to speculations that other compounds
of the oxidation pathway, such as HSO5, were responsible for the atmospheric observa-
tions (Laaksonen et al., 2008). Sipila¨ et al. (2010), however, stated that the production
pathway was insignificant but the discrepancies arise from the instrumental limitations
in measuring the sub-3 nm particles and were able to reproduce the atmospheric nu-
cleation observations in laboratory experiments with only sulphuric acid and water
present in observable concentrations. This interesting result remains to be established
in future with more experimental evidence.
Returning to atmospheric observations, the particle formation rates are repeatedly
found be have a power law dependence on the sulphuric acid concentration, with an
exponent value of 1–2 (Kuang et al., 2008; Kulmala et al., 2006; Paasonen et al., 2009;
Riipinen et al., 2007; Sihto et al., 2006; Weber et al., 1996)
J3 = [H2SO4]
1−2. (3)
An exponent of 1.3 (and 1.2 for 1 nm particle formation rate) was also obtained in
indoor air nucleation experiment under high monoterpene concentrations (Paper I).
According to the nucleation theorem (e.g. Strey and Viisanen, 1993), the value of the
exponent in the nucleation rate determines the number of molecules in a critical sized
cluster at constant temperature and pressure. Therefore, an exponent of 1 or 2 would
indicate that the critical cluster consists of 1 or 2 of the molecules in question (Kulmala
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et al., 2006). The exponent of two can be interpreted as collision-limited process, as
suggested by Weber et al. (1996). According to Kulmala et al. (2006), the exponent
of one is connected to nucleation by activation. The activation nucleation is closely
related to heterogeneous nucleation but the activation probability can additionally
depend on e.g. heterogeneous chemical reactions and activation of soluble organics.
The activation mechanism is supported with the recent observations of continuous pool
of both charged and neutral clusters in the atmosphere (Kulmala et al., 2007b; Lehtipalo
et al., 2009, 2010; Manninen et al., 2009b; Mirme et al., 2010; Sipila¨ et al., 2008). The
role of these clusters in nucleation has, however, not yet been established. Moreover,
recent observations indicate that the particle formation, at least in the boreal forest
environment, is not limited by the nucleation process, but more by the competition
between condensational growth and coagulation losses in the following particle growth
process (Riipinen et al., 2007; Lehtipalo et al., 2010). Therefore, semi-empirical models,
such as activation or kinetic nucleation (Kulmala et al., 2006), or two-step models
(Kerminen et al., 2004; Kulmala et al., 2000), which take into account both limiting
processes (nucleation and growth), are required to assess the importance of nucleation
on a global scale in conjunction with global climate models. Indeed, the semi-empirical
approach by Kulmala et al. (2006) has been successfully implemented in global models
(Merikanto et al., 2009; Spracklen et al., 2006, 2009).
4.2 The role of ions in particle formation
It has been proposed that ions, in addition to neutral species, participate in atmo-
spheric nucleation (Arnold, 1980). The surface of ion lowers the thermodynamic nucle-
ation barrier and the process is additionally favoured by the attracting Coulomb forces.
Experimental evidence has shown that ions are, indeed, favoured as seeds for hetero-
geneous nucleation. Winkler et al. (2008) showed that negative ions are first activated
for growth, followed by positive ions, and finally by neutral cluster activation. Indi-
cations of charged particle preference were also detected in the atmosphere in Paper
V since particle formation was first observed in the charged particle spectra at most
sites. However, while ion-induced sulphuric acid-water nucleation may be efficient in
the middle and upper troposphere (Lee et al., 2003; Lovejoy et al., 2004), its impor-
tance in the boundary layer is probably minor (Eisele et al. (2006); Iida et al. (2006);
Manninen et al. (2009a), Papers IV–V). Observations have shown that the fraction
of ion-induced nucleation to total nucleation in the boundary layer varies on average
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from 0.5% (Iida et al., 2006) to about 30% (Papers IV–V), with the highest fractions
at clean background sites. Including the ion-ion recombination products (ion-mediated
nucleation) does not increase these numbers significantly (Manninen et al. (2009a),
Paper IV). Similarly, Vana et al. (2006) showed that ions were more involved in the
weakest events when homogeneous nucleation was inefficient. The global importance
of ion-induced or ion-mediated nucleation is, however, still controversial (Kazil et al.,
2008, 2010; Yu and Turco, 2008).
Several atmospheric observations have shown that negative ions are favoured in the
initial phase of particle formation (Laakso et al., 2007a,b; Vana et al., 2006, Paper IV,
Fig. 2). This can be explained by sulphuric acid preferential condensation onto negative
clusters or by negative ion-induced nucleation, as stated by Laakso et al. (2007a). The
ion chemistry is a plausible explanation for the observed sign-preference as sulphuric
acid has been found to be more strongly bound to negative than positive clusters (Froyd
and Lovejoy, 2003a,b; Ku¨rten et al., 2009). Therefore, the sign-preference in the early
state of the particle formation can give additional information on the process and
involved compounds. Laakso et al. (2007b) were unable to explain their results with
the binary model of Lovejoy et al. (2004) and postulated that an additional stabilising
compound could be involved. Later Ku¨rten et al. (2008) showed that amines may
stabilise the charged clusters.
5 Growth of nucleated particles
Particle growth has frequently been found to possess a size dependency where the
smallest particles grow at a lower rate (Hirsikko et al., 2005; Manninen et al., 2009a;
Suni et al., 2008; Virkkula et al., 2007; Yli-Juuti et al., 2009, Papers III and V)).
This could indicate participation of different vapours in the initial and latter phase
of the growth, as suggested by Kulmala (2003); Kulmala et al. (2004a). Additional
interpretation, as pointed out by (e.g. Yli-Juuti et al., 2009), is that the observed size
dependency is a secondary effect of the time dependency of the growth which may
follow from the diurnal cycle of the oxidised condensing vapours. The role of ions in
the growth appears to be minor. For ions to enhance the growth, a decreasing trend
with size is presumed (Laakso et al., 2003), which is in opposite sense to most of the
atmospheric observations.
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Atmospheric sulphuric acid, even if important in nucleation, is often insufficient in
concentration to explain observed growth rates (Birmili et al., 2003; Kulmala et al.,
2001; Weber et al., 1997; Wehner et al., 2005). Secondary oxidation products of organic
vapours have been suggested as additional candidates which participate in the particle
growth (Kulmala et al., 1998; Marti et al., 1997). Organic species are indeed abundant
in the atmosphere (Jimenez et al., 2009; Kanakidou et al., 2005) and indications of the
significant organic contribution in the atmospheric particle growth have been seen in
atmospheric measurements (O’Dowd et al. (2002); Riipinen et al. (2009); Smith et al.
(2008, 2010); Vaattovaara et al. (2006), Paper IV) and in laboratory experiments
(Metzger et al., 2010). Growth rates as high as 6300 nm h−1 were observed in Paper
I in the presence of high concentrations of oxidised organic compounds. In Paper IV
the nucleation mode hygroscopic properties were exploited to gain indirect information
on the growing particle chemistry. The observed decrease in hygroscopicity indicated
the presence of organics in the freshly nucleated growing particles.
6 Review of papers and the author’s contributions
The papers included into this thesis consider field and laboratory measurements of
aerosol particles, data evaluation, and verification of the instrumentation in well defined
laboratory conditions.
Paper I studies nucleation in indoor air in the presence of d-limonene. D-limonene is
produced by peeling oranges, thus simulating a real indoor environment phenomenon.
D-limonene oxidation results in high aerosol yield and and rapid particle growth. The
particle number concentration increases up to tenfold and the calculated growth rate
is 6300 nm h−1. The nucleation rate is found to be a function of d-limonene secondary
oxidation products to the power of 1.2. This indicates that critical sized clusters
contain only one organic molecule and further suggest an activation type of nucleation
mechanism. In this paper, I contributed to planning and conducting the measurements,
performed all data analysis and wrote most of the paper.
Paper II describes the calibration of recently developed Neutral cluster and Air Ion
Spectrometers (N)AIS which are utilised in all of the following papers. (N)AIS results
compare well with each other and instruments are found adequate in both size and con-
centration measurements, particularly at high aerosol concentrations. The laboratory
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experiments indicated that it is possible to measure neutral particles down to 1.5–2
nm size using NAIS. I contributed to organising the workshop and the measurements,
performed a large part of the data analysis and wrote the paper.
Paper III studies ion and particle features and processes in Russia. With a two
week measurement campaign along the trans-Siberian railroad, several findings on the
Siberian aerosols were made. Particle number and modal structure varied widely with
site and air-mass origin, while the cluster ion concentrations were primarily determined
by the radon source term. Intermediate ion concentrations were observed to increase
during rain and snowfall. Two nucleation events were observed as an indication of
regional nucleation. During those events the smallest particles had the lowest growth
rates of values similar to those observed in Finnish boreal forest region. I performed
the particle and ion measurements, a major part of the data analysis and writing the
paper.
Paper IV examines the chemistry and hygroscopicity of Antarctic summer aerosol
and presents first data from the Antarctic HTDMA measurements. A special focus
of the paper is the new particle formation events. One event was examined in detail
and it was concluded that the ion-mediated mechanism explained about 30% of the
total nucleation. Hygroscopicity is shown to decrease in air-masses of freshly nucleated
particles, possibly indicating contribution of organics or differences in sulphate chem-
istry. Negatively charged particles are shown to be preferred in the initial phase of the
nucleation. For this paper, I measured particle physical properties and performed a
major part of the data analysis and writing the paper.
Paper V examines particle formation at several European sites during a year long
EUCAARI measurement campaign. A seasonal pattern in event frequency is found,
which is seen to peak during spring and early summer months in eight (out of 12) sites.
At one location only, a site which is situated on a Mediterranean island, does the event
frequency peak in winter. Total particle formation rates vary from site to site more
than ion formation rates. The yearly median fraction of ion-induced nucleation varies
between 1–27%. At most sites, the smallest particles possess the lowest growth rates.
In this paper, I mainly contributed to the measurements.
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7 Conclusions
Air ion spectrometers, namely AIS and NAIS, were successfully calibrated and inter-
compared for the first time. They showed adequate agreement with the reference
instruments and with respect to each other. These results indicate that NAIS can be
trusted and used to measure atmospheric ions and neutral particles close to sizes where
nucleation occurs.
Atmospheric observations were made at several European sites, in Russia, and in
Antarctica and new particle formation events were observed in all of these environ-
ments. The measured particle growth rates were in good agreement with the previous
studies conducted at similar surroundings. Particle formation rates were the highest
in polluted sites and the lowest in clean Arctic, Antarctic and high-altitude sites. Par-
ticle formation events were generally most frequent during spring and early summer
and the vast majority of events occured during daytime. The observed site to site
variations are evidence of diffences in the particle formation limiting factors, which
include sources of nucleating and condensing vapours, scavenging by pre-existing par-
ticles and meteorological effects. Experiments in a laboratory using d-limonene from
orange peeling showed that secondary new particle formation can also be an important
source of indoor air particles.
Laboratory experiments with d-limonene supported an activation-type nucleation
mechanism, congruent with many atmospheric observations. The relative importance
of the ion-induced nucleation pathway in the atmospheric boundary layer was found
to be minor. The role of ions in particle formation was the least prominent in polluted
sites, where the fraction of ion-induced nucleation was well below 10 %, and further
increased at clean background sites up to around 30 %. Sign-preference was charac-
teristic to the Antarctic nucleation events while mainly the negatively charged ions
contributed to the initial phase of particle formation.
The particle growth rate was found to increase with size in Siberia and at many Euro-
pean sites. This first shows that the enhancement of the growth by ions is negligible
and second it suggests that the condensing vapour composition or concentrations are
different in the initial and later phase of the growth. Indications of the participation
of organic species in particle growth were indirectly measured in Antarctica. In the
laboratory, the contribution of the organic vapours present to the particle growth was
plausible and extremely high growth rate of 6300 nm h −1 was observed.
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Measurements conducted in Siberia and in Antarctica further help in identifying the
major sources of particles at these remote locations, where previous studies have been
rare. In Siberia, radon decay process was found to produce significant numbers of clus-
ter ions. Local sources and long-range transport were used to explain the measured
particle number size distributions which showed clear variations with site. In Antarc-
tica, the Southern Ocean was suggested to be the primary source of the below 1 µm
particles, which were mainly composed of sulphuric acid, organics and methane sul-
phonic acid. The contribution of secondary new particle formation to the total number
concentration is difficult to estimate solely based on experimental data and therefore,
these results should be used together with atmospheric aerosol models where they may
serve as an important reference information.
To conclude, it has been shown that new particle formation is a frequent and global
phenomenon. The ions primarily seem to be involved in the first nucleation step, al-
though their contribution is rather minor in the boundary layer. At clean background
and high-altitude sites the role of ions in nucleation is the most pronounced. This can
be explained by the observed higher total particle formation rates in polluted environ-
ments while the ion formation rates show only minor variation from site to site due
to their global sources. Particle formation is also limited by the second step. Organic
vapours are proposed to account for the nucleated particle growth as is indicated by
the observations. These results, extending over a wide variety of environments, give
support to previous observations and increase understanding on aerosols, ions and new
particle formation on a global scale.
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